Abstract: Starch was sulphated with pyridine.SO 3 complex in the microwaveassisted solid state processes in multimodal microwave oven and, for comparison, also on convectional heating blends of solid reagents. Starch was less hydrolysed in microwave-assisted reactions. The degree of the esterification of the sulphuric acid anhydride depended to a lesser extent on the reaction time and the power applied, and more essentially on the reagent ratio, that is, dose of the sulphating agent. Its higher doses favoured depolymerization and esterification leading to diesters, that is, crosslinking.
Introduction
Sulphated starch, usually available in form of stable to acid-catalysed autohydrolysis alkali metal salts dissociates in aqueous solutions developing anionic properties of that of polysaccharides. Such properties allow starch to interact with proteins similarly as other anionic polysaccharides i.e. carrageenans (Lii et al. [1, 2] ), potato starch (Grega et al. [3] ; Zaleska et al. [4, 5] ), phosphated starches (Najgebauer et al. [6, 7] ), pectins (Dejewska et al. [8] , Zaleska et al. [9, 10] ), carboxymethyl cellulose (Lii et al., [11] , Zaleska et al. 12, 13] ), some plant gums (Baranowska et al. [14] , Sikora et al. [15] , Lii et al. [16, 17] , Gibiński et al. [18] ), and hyaluronic acid (Białopiotrowicz et al. [19] ). Through formation of complexes and ordering macrostructure of solutions, these polysaccharides influence texture of the compositions. Thus, sulphated starch could also be useful for such purposes.
Sulphated starch was proposed as plasticizer for hydraulic binders, thermosetting edible glues, protective colloids resistant to mould, thickener for foodstuffs and drilling mud, coatings and sizes for paper and textiles. It also disposes with blood antigoagulant properties.
A wide spectrum of applications of sulphated starches [20] resulted in several methods of their preparation. Complex of sulphur trioxide with pyridine and chlorosulphonic acid in various media are the most suitable reagents for starch sulphation (see Tomasik and Schilling [20] , Federowicz et al. [21] and references therein). Recently, starch was sulphated with sodium methane sulphate in dimethyl sulphoxide. Similarly as in other processes of starch sulphation, the reaction occurred predominantly at the 6-hydroxyl group of the D-glucose units (Takano et al. [22] ).
In our former papers successful microwave-assisted esterification of selected inorganic acids, their salts and anhydrides with starch in multomodal (kitchen) ovens was presented. Starch was reacted with sodium selenite and selenate (Staroszczyk et al. [23] ), boric acid (Staroszczyk [24] ) and in situ magnesium hydrogen sulphate (Staroszczyk et al. [25] ) in such manner. Such kind of starch phosphation has also been reported (Lewandowicz et al. [26] ). Usually, the reactions proceeded readily providing significant reduction of the reaction time compared to that required for convectional heating. Such reactions did not produce any waste. In this paper, synthesis of sulphated starches of tailored properties under such beneficial conditions is presented.
Results and discussion
Sulphation of potato starch was carried out on microwave heating of starch blended with varying amount of the SO 3 .pyridine complex. Results of the elemental analysis (Table 1) revealed that, in both cases, degree of esterification (DE) did not exceed 1.05. Convectional heating provided practically the same DE as the microwave heating; however, within considerably longer process. In the microwave-assisted reactions, longer heating at lower power was more beneficial for reaching product of higher DE. The latter increased also with amount of sulphating agent added. Likely, a hydrolytically facilitated access to the interior of starch granules was essential for the reaction progress. One could see from Table 1 that the higher power applied even at shorter exposition was more deteriorating for starch than lower power on longer exposition as it could be seen from the molecular weight distribution. The same values deliver evidence for crosslinking sulphation. On sulphation, starch granules lost their shape and the granule deterioration was caused by the contact with the reagent. Analogous exposure of granules to microwaves under absence of the reagent retained starch granularity as seen in Fig. 1 which presents scanning electron microscopy (SEM) picture of selected sulphated and microwave heated non sulphated starch granules. The thermal analysis (thermal gravimetry -TG and differential thermal gravimetry -DTG) provided evidence for the reaction between the components of the blend. Thermogram of native potato starch (Fig. 2) revealed the one step decomposition of starch to be at 277 o C. For comparison, thermogram of the pyridine.SO 3 complex is presented in Fig. 3 .
Tab
Exposure of starch to the microwave radiation slightly decreased temperature of its decomposition (to 275 o C). Moreover, the slope of the TG line turned milder as the applied power increased ( Table 2 ). The pattern of the diagrams of starch prior and after radiation remained essentially the same. Figs. 4 and 5 demonstrate thermograms of the starch sulphation products prepared on convectional heating, applying two different doses of the sulphating agent. In both cases there is no peak characteristic of native starch which means that starch completely reacted. The TG and DTG lines show that complex mixtures were formed as a consequence of non-selective and, possibly, crosslinking sulphation. (see also Table 1 ). Table 2 show that an increase in the power applied, accompanied with shorter reaction time produced different products, particularly when higher doses of the sulphating agent were used.
Thermal decomposition of sulphated starches was more complex. Their thermal stability was lower than that of original starch and starch heated without sulphating agent. Microwave and convectional heating of starch without reagent also damaged starch macrostructure. One could see that sulphation of starch resulted in essential change in the pattern of its thermal decomposition. Slope of the TG lines expressed in terms of tgα became milder. After reaction with the lower dose of the sulphating agent applied, it decreased from 2.3. to 0.5 and declined to 0.1 as the amount of the sulphating agent increased. The changes in the pattern of the TG lines reflected an increase in degree of sulphation. It produced more thermally stable and less selectively esterified, that is involving not only the 6-hydroxyl groups of the D-glucose units, crosslinked material.
Tab. 2.
Results of the thermal analysis (thermogravimetry, TG, and differential thermogravimetry DTG) of sulphated starches (potassium salts). The IR spectral pattern of processed starches (Fig. 9) only to a certain extent resembled that of native starch (Fig. 10) . There was an essential change in the shape and relative intensity of the complex band in the range of 1000-1100 cm -1 with respect to those in the spectrum of native starch. Then, independently of the conditions of the sulphation, samples presented the same spectral pattern with only small changes in the band intensity ratio. Such changes are associated with the status of the hydroxyl groups of the D-glucose units number which was reduced by esterification and their involvement in intra-and inter-molecular hydrogen bonding change on sulphation. The notation of band intensities: vs -very strong, s -strong, w -weak, vw -very weak, shshoulder. Diffractograms of the sulphation products also exhibited crystallinity (Figs. 12 and 13). The peak distributions therein essentially differed from those presented in Fig.  11 and they were almost independent of the mode of sulphation (Fig. 12) . One could see that as the dose of the sulphating agent increased the peak of starch around 18 o 2θ, originating from starch, ceased (Fig. 13 ). Differential scanning calorimetry (Table 4 ) revealed the following. Only the measurements for samples sulphated with lower doses of the sulphating agent developed interpretable diagrams. In the latter cases, onset and peak temperatures slightly changed in respect to those for unprocessed starch, and melting enthalpy decreased by, approximately, half original value. When higher doses of sulphating agent were applied, relevant sulphated samples, in spite of their crystallinity, did not produce any clear peaks of phase transitions. It could result from their heterogeinity confirmed by thermograms ( Fig. 8 and Table 2 ). Particular sulphated starches could develop a number of closely situated phase transitions. A high aqueous solubility of the samples (Table 5) could also be a factor. Data in Table 5 show that apart from sulphation, heating also contributed to deterioration of the native starch matrix by common pyrodextrinisation (Tomasik et al. [27] ). Both processes contributed to aqueous solubility (AS) of the sulphation products.
Results confirm findings from the thermal analysis ( Table 2 ) that heating starch without reagent only slightly affected starch macrostructure, and convectional heating was slightly more damaging to starch than the microwave heating. As demonstrated by changes in onset temperature of sulphated products, the sulphation with the lowest dose of the reagent slightly affected the phase change temperatures and quite significantly decreased the melting enthalpy of the product. An increase in the dose of the sulphating agent resulted in an increase in the onset, peak, and conclusion temperature even in respect to the values for original starch. It could suggest that already at that dose of the sulphating reagent, crosslinking could take place and it could be relatively selective. Further sulphation, could be less selective in respect to the hydroxyl groups and more damaging for the starch macrostructure which resulted in increased aqueous solubility (AS) ( Table 5) In spite of crosslinking, aqueous solubility of the products was much higher than that of native, non-crosslinked starch. Sulphation of starch reduced the number of intraand inter-molecular hydrogen bonds residing in native starch and hydrolysed the starch matrix to a certain extent (see Table 1 ). Clear aqueous suspensions of sulphated starches were not stable and on storage they slowly developed turbidity.
Conclusions
The following conclusions were drawn: the solid state microwave-assisted esterification of starch can be applied to sulphation; it offers products of degree of esterification up to 1 in considerably reduced reaction time; tailoring properties of the product is possible with adjusting reagent ratio, power and heating time; increase in the amount of the sulphating agent, power applied and reaction time favours crosslinkng of starch; sulphation is accompanied by thermal and hydrolytic destruction of the starch matrix.
Experimental part

Materials
Potato starch isolated in Potato Enterprise in Łomża (Poland) was air-dried (80 o C, 12 h) retaining 4.4% moisture.
Pyridine complex with SO 3 was purchased from Merck (Darmstadt, Germany). Resulting crude either colorless or yellowish products were dissolved in 8% aqueous K 2 CO 3 , from which they were precipitated with ethanol. Precipitates were washed with petrol ether on filters and then dried at 40 º C.
Methods
Blends
Elemental analysis
Sulphur content was determined with a VarioEL elemental analysis system.
Thermal analysis (TG, DTG, DTA)
The analyses were performed on 100 mg samples. They were heated in the oven in corundum crucibles from room temperature to 450 ˚C. The 10 ˚C/min rate of the temperature increase was applied. Corundum particles having φ = 8 μm were used as the standard. The instrument of Paulik-Paulik Erdey D-1500-Q (Budapest, Hungary) was used. Analyses were run in duplicates.
Differential scanning calorimetry (DSC)
The samples blended with water in the 1:3 w/w ratio were sealed in capsules and heated in the range of 20 to 90 °C. The instrument DSC-2 produced in the Department of Physics, Agricultural University in Cracow was used. Analyses were run in duplicates.
FTIR spectroscopy
Fourier Transform Infrared Spectroscopy of samples in KBr discs were recorded in the range of 4000-500 cm -1 at resolution of 4 cm -1 using the Matson 3000 FT-IR (Madison, Wisconsin, USA) spectrophotometer.
High resolution gel permeation chromatography
High performance size exclusion column chromatography (HPSEC) system consisted of a pump (Shimadzu 10AC, Tokyo, Japan), an injection valve (model 7021, Rheodyne, Palo Alto, USA), a guard column (TSK PWH, Tosoh Corporation, Tokyo, Japan), and two interconnected SEC columns TSKgel GMPWXL (7.8x300 mm, Tosoh Corporation, Tokyo, Japan) and TSK Gel 2000 PW (7.8x300 mm, Tosoh Corporation, Tokyo, Japan). A multiangle laser light scattering detector Dawn-DSP-F (Wyatt Technology, Santa Barbara CA, USA), equipped with He-Ne laser emitting light with wavelength 630.0 nm and a differential refractive index detector (L-7490, Merck, Darmstad, Germany) were connected to the columns. Columns were maintained at 50 o C and RI detector at 35 o C. The mobile phase (0.15 M NaNO 3 with 0.02% sodium azide) was filtered subsequently through 0.2 μm and 0.1 μm cellulose acetate filters (Whatman, England). Flow rate of the mobile phase was 0.4 cm 3 min -1 . The output voltage of refractive index (RI) and light scattering (LS) at 18 angles was used for calculation of the weight-average molecular weight (M w ) and radius of gyration (R g ) using Astra 4.73.04 software (Wyatt Technology, Santa Barbara CA, USA). Berry plot with third order polynomial fit was applied for the calculation of M w and R g values. Separations were run in duplicates. The recovery of the samples from the columns was between 92 and 95%.
Samples were prepared as follows: (Method A) Each sample (10 mg) was suspended in 5 mL of DMSO-water mixture (9:1 v/v) and stirred at 90 °C for 16 h. After cooling insolubilities were centrifuged (10000 rpm, 5 min) and 0.5 mL of solution was injected into the chromatograph. (Method B) A 10 mg sample was suspended in 5 mL 0.15 M NaNO 3 with 0.02 % NaN 3 and stirred for 2 hours at 60 °C. After cooling insolubilities was centrifuged (10000 rpm, 5 min) and solution filtered through cellulose acetate filter (5 μm).
Scanning electron microscopy
The E-SEM XL30 Environmental Scanning Electron Microscope manufactured by FEI Company was used for surface observations of a wide range of starch samples in a Low Vacuum mode. The continuously variable accelerating voltage operated at 20 kV and the magnification range changed from 500x to 2000x. Gas pressure range changed from 3.6 to 4.1 Torr.
X-ray powder diffraction
X-ray diffraction measurements were carried out using CuK α radiation of wavelength 0.154nm on a Philips type X'pert diffractometer. The operation setting for the diffractometer was 30 mA and 40 kV. The spectra over the range of 5.0 -60.0° 2θ were recorded at a scan rate of 0.02° 2θ/s.
Aqueous solubility
Solubility was estimated according to Richter et al. [28] . Samples (100 mg) were dissolved in distilled water (8 cm 3 ) and agitated for 30 min in a water bath at 25 ˚C then centrifuged (4000 rpm for 5 min). Resulting transparent solution (5 cm 3 ) was transferred to the weighing dish of constant weight and dried at 120 ˚C to a constant weight. Estimations were duplicated.
